We study alkali-metal adsorption on supported graphene by means of density-functional-theory calculations that include dispersion corrections. Graphene supported by the Au/Ni(111) surface is an important system for fundamental studies because this surface allows one to support graphene, preserving the electronic properties of freestanding graphene. We investigate the binding energetics as well as the structural and electronic properties of Li, Na, K, and Rb atoms adsorbed or intercalated at the graphene/Au/Ni(111) interfaces and compare the results to those obtained on freestanding graphene. Both the adsorption and intercalation of the alkali atoms induce electron doping to the graphene π bands that display a quasirigid-energy shift. Electron doping by alkali atoms preserves the Dirac cone of graphene, which shifts downwards due to the negative polarity of the doping. The metallic or ionic character of the alkali dopant is controlled by its position relative to graphene. All of the investigated alkali atoms display an energetic preference to intercalate between graphene and the Au/Ni support. These results shed light on the relationship between graphene electron doping, the alkali-atom adsorption site, and the charge transfers at the graphene/support interface.
I. INTRODUCTION
Research focusing on manipulating graphene so as to exploit its properties in technological applications has been growing since its first successful exfoliation [1] . The distinct electronic, magnetic, and mechanical properties of graphene pave the way to novel devices and applications. Many of these interesting properties of freestanding graphene arise from characteristic features in the band structure, namely the Dirac cone formed at the Fermi level from the intersection of the π and π C states [2] . However, in the case of supported, doped, or functionalized graphene, the interaction with the support, adsorbed dopants, or functional groups may significantly alter its characteristic band structure and hence the physical and chemical properties. It is therefore important to provide a fundamental understanding of the effects of substrates or surface dopants on the electronic properties of graphene.
Transition-metal substrates have been extensively studied as graphene supports and can be classified according to the interaction strength in two groups. When graphene is chemisorbed, e.g., on Co, Ni, Ru, and Pd [3] [4] [5] [6] , there is a significant overlap between the metal d bands and the graphene π bands. This leads to a strong graphene-support interaction that significantly affects the Dirac-cone feature and opens a gap in the band structure. On the other hand, when graphene is physisorbed on metal substrates such as Ir, Pt, Au, and Cu [3, [7] [8] [9] [10] , the weaker interaction with the substrate typically preserves the Dirac cone. The position of the Fermi level relative to the cone is, however, affected and controlled by interface charge-transfer effects. Among transition metals, Ni(111) has the lowest mismatch with respect to the graphene lattice (∼1.2%). This small mismatch allows for an epitaxial growth of graphene with very few structural defects and without moiré patterns [11] . We note that the actual adsorption * fabris@sissa.it geometry of graphene on the Ni(111) substrate is still being debated [12] [13] [14] .
Ideally, the perfect 1 × 1 lattice registry between the C network and the Ni(111) periodicity can enable the manipulation of graphene/Ni(111) interfaces and promote their technological application. However, taking advantage of the electronic properties of graphene requires a substrate that allows for graphene manipulation and preserves the characteristic Dirac cone in the electronic structure. Angle-resolved photoemission spectroscopy (ARPES) measurement [15, 16] and electron energy-loss spectroscopy (EELS) [17] have shown that the graphene Dirac cone can be restored by intercalation of noblemetal atoms at the graphene/Ni(111) interface. In particular, one monolayer (ML) of Au at the Ni(111) surface allows for supporting graphene whose electronic structure displays a gapless Dirac cone similar to the one of freestanding ideal graphene. For device applications, the graphene band structure has to be engineered. One way of doing this is chemical doping using alkali atoms. It has been reported [18] that the Fermi level of the graphene/substrate system can be controlled by a proper choice of the alkali atom, thereby opening the possibility of applications in tunable electronic devices.
Another motivation for studying alkali atom adsorption on graphene is superconductivity: Despite the extraordinary properties of graphene, realization of superconductivity in pristine graphene remains challenging. It has been suggested that electron doping should be a possible route to achieve superconductivity via phonon mediation [19] . Electron-phonon coupling-induced superconductivity has been reported in several other carbon-related materials, especially graphite intercalated compounds (GICs) [20] [21] [22] , fullerene crystals [23, 24] , and nanotubes [25, 26] . Partially occupied dopant-derived bands through incomplete ionization is the key to superconductivity in all of these compounds. The electron-electron interaction inhibiting superconductivity could efficiently be suppressed in supported graphene by the screening from the metal substrate. It has been demonstrated that electron-phonon coupling could be introduced by doping with alkali atoms on metal-supported graphene, as in the case of alkali-derived GICs [27] .
In summary, a detailed understanding of the electronic structure of alkali-doped metal-supported graphene is instrumental in a wide range of fundamental and applied scientific issues. In the present work, we employ density-functional-theory (DFT) calculations to systematically investigate the effects on the electronic structure of doping-supported graphene with adsorbed and intercalated alkali atoms.
II. METHODS
Spin-polarized density-functional-theory simulations of alkali adsorption on pristine and supported graphene were performed by employing the Pedrew-Burke-Ernzerhof (PBE) exchange and correlation functional [28] . The electron-ion interaction was modeled with ultrasoft pseudopotentials, while the valence electrons were described with a plane-wave basis set limited by a kinetic-energy cutoff of 35 Ry. We used a -centered 8 × 8 × 1 Monkhorst-Pack sampling for the irreducible part of the Brillouin zone and a Gaussian smearing of 0.01 Ry. Dispersion terms were included in the DFT calculations with the Grimme approach (DFT-D) [29] . To visualize the atom-projected band structure, we used the technique of resolving the projected density of states in the k space [30] , where the Kohn-Sham states, at every k point, are projected on atomic states. For this purpose we performed non-self-consistent calculations using 200 k points along the -K -M -path in the irreducible part of the Brillouin zone. All of the calculations used periodic boundary conditions and were performed with the PWscf code included in the QUANTUM ESPRESSO distribution [30] .
The pristine Ni(111) surface was modeled with a five-layer supercell slab having an optimized lattice parameter of 2.48Å. We modeled the graphene/Ni(111) interface with a (2 × 2) supercell by adopting the so-called top-fcc arrangement of carbon atoms on the Ni(111) surface, containing four Ni surface atoms [11] . The PBE optimized lattice parameter of graphene is 2.46Å. The very small mismatch (1%) between the two lattices was compensated by stretching the graphene lattice to match the one of the Ni(111) surface. Following recent theoretical models [31] , we have simulated a 3/4 ML Au coverage on Ni(111) by including three gold atoms on the top, fcc, and hcp sites of a (2 × 2) Ni(111) supercell exposing four Ni atoms on the surface. Alkali adsorption was modeled by placing a single alkali atom above or below the hollow site of the honeycomb graphene 2 × 2 lattice. We employed the same coverage of alkali atoms in all of the calculations, namely, a 1/8 ML corresponding to a 2 × 2 superlattice. Fixing the same coverage for all alkali atoms allows for direct comparison between the adsorption properties of different adatoms. To optimize the geometry, we fix the Ni atoms at the lowermost two layers of the slab to their bulk positions, while all other atoms are allowed to relax. Along the direction perpendicular to the surface, a minimum of 10Å vacuum is ensured to avoid the spurious interaction between the periodic images. The top and side views of the structural models that we have employed in the present study are displayed in Fig. 1 . All of the binding/intercalation energies (E b ) are calculated in terms of the following energy difference:
where E total and E alkali represents the total energies of the supercells describing the supported alkali adatom and the isolated gas-phase alkali atom, respectively. E sub represents the energy of the supercell describing the support, namely, a freestanding graphene or the graphene/Au/Ni(111) slab. E alkali is the energy of an alkali atom in vacuum, which is calculated by placing a single atom in a cubic supercell having a size of 18.5Å.
III. RESULTS AND DISCUSSIONS

A. Doping freestanding graphene with alkali atoms
We start from assessing the structure and energetics of the adsorption of alkali atoms on the freestanding graphene. These results are reported in Table I and set the baseline for analyzing the substrate effects that will be presented in the following. The binding energy E b displays weak variations as a function TABLE I. Energetics (in eV) of alkali atoms adsorbed on pristine graphene. E H −T is the energy difference between the hollow (H) and top (T) sites for the corresponding atom. E b is the binding energy of the adatoms on pristine graphene; E 2×2 coh is the cohesive energy of the alkali monolayer, calculated as the energy difference between the 2 × 2 layer of alkali adatoms and an isolated adatom; E bulk coh is the bulk cohesive energy of the alkali atom; h C−X is the vertical distance between the graphene plane and the alkali adatom; and E free is the shift in the Dirac cone with respect to the Fermi level. of the binding site. Within the approximations used in the present DFT study, alkali-atom adsorption on the bridge and top graphene sites is energetically nearly degenerate, while the hollow site is the most stable. The energy difference between the hollow and top sites is reported in Table I as E H −T . The minimum-energy difference is −0.06 eV, i.e., actually smaller than the error bar of the present calculations. These results are consistent with previous reports [32, 33] .
All of the adatoms are found to adsorb on freestanding graphene with binding energies ranging from 0.95 to 1.21 eV (energies are calculated for adsorption on the most stable hollow site). Li and Na display the highest and lowest binding energies, respectively. There is no general trend in the adsorption energy of the alkali atoms to graphene, as previously noted [34, 35] .
The adsorption of alkali atom induces very little distortion in the graphene lattice, which remains almost flat. The optimized height (h X−C ) of the alkali adatom from the graphene plane displays a large variation: h X−C monotonically increases from 1.84Å for Li to 2.91Å for Rb. Indeed, the optimized height linearly correlates with the adsorbent atomic and ionic sizes. The heights are calculated from the relaxed structure by taking the difference in the average z coordinates of the respective layers.
The adsorption of alkali atoms on pristine graphene induces a charge transfer from the alkali atoms, which become partially ionic, to the graphene plane, which increases the number of electrons in its unoccupied C-π bands. This electron doping of graphene affects the relative position of the Fermi level with respect to the Dirac cone, which shifts to the lower energies (see black lines in the atom-projected band structure in Fig. 2 ). The energy shifts of the C-π bands and of the Dirac cone with respect to undoped graphene ( E free ) are reported in Table I and are consistent with previous reports [36] .
Li doping in the LiC 8 stoichiometry induces an energy shift of 1.5 eV, while all other alkali atoms induce smaller energy shifts of ≈1.0 eV. This qualitative difference is further supported by Bader charge analysis [37] . Li transfers ≈0.7e to the graphene plane, while all other atoms transfer roughly 0.4e of charge.
The atom-projected band structure analysis displayed in Fig. 2 clearly shows that adsorption of the alkali atoms at this high coverage preserves the metallic bands of the alkali-atom overlayer. The Fermi level crosses the band formed by the s states of the dopant atom (see color lines in Fig. 2 ). This suggests that despite the charge transfer to graphene, a considerable metallic bonding persists between the alkali atoms in the 2 × 2 planar arrangement. Indeed, the cohesive energy of this planar structure, calculated as the total-energy difference between the 2 × 2 alkali-atom unsupported layer and that of an isolated alkali atom (E 2×2 coh ) is a considerable fraction of the bulk cohesive energy (E bulk coh ) of the corresponding alkali metal (see Table I ). For the case of Li, the cohesive energies of the 2 × 2 layer and bulk systems are 0.36 and 1.63 eV/atom, respectively. The cohesive energies of the overlayer increases going down the group from 0.36 to 0.60 eV/atom, while the cohesive energy of the bulk systems decreases going down the period, from 1.63 to 0.86 eV/atom for Li and Rb, respectively. The cohesive energy of the 2 × 2 overlayer varies therefore from 22% to 69% of the bulk cohesive energy. It is evident that at these coverages, the metallic character of the alkali-atom overlayer plays an important role into its stability.
B. Substrate effects on graphene electronic properties
Before studying the adsorption of alkali atoms on supported graphene, we clarify the effects on the graphene electronic structure due to the interaction with the metallic substrate, emphasizing the importance of including dispersion terms in the DFT calculations.
Despite a reasonable description of ionic and covalent bonds, local density approximation (LDA) and generalized gradient approximation (GGA) functionals fail to give a satisfactory description of nonlocal dispersive forces. Therefore, a better description of the van der Waals forces is necessary when they play a significant role in binding, as in the present case. It has been shown [38] that GGA gives a poor description of graphene/Ni interfaces and that LDA, due to a fortuitous error cancellation, succeeds in giving reasonable energetics [38, 39] . In fact, using a GGA functional while neglecting dispersion corrections results in no binding of graphene to the Ni substrate [40] . We therefore employ the Grimme approach [29] to include dispersion interaction in our GGA calculations. In the Grimme approach, van der Waals interactions are tackled by adding a semiempirical term (E disp ) to the bare Kohn-Sham energy. E disp contains the pairwise dispersion coefficient C 6 as well as the cutoff radius as empirical parameters. DFT-D is robust and computationally inexpensive. However, the parameters used are system independent and do not affect the electronic structure. Recent efforts to go beyond the present approach includes Grimme's DFT-D3, wherein the dispersion coefficients C 6 are geometry dependent, as they are adjusted on the basis of local geometry (coordination number) around the interacting pair of atoms. A different approach is the vdW-DF and its second generation vdw-DF2 functionals [41, 42] . The approach remains sophisticated due to the necessity to evaluate multidimensional integrals. For a comprehensive review of several dispersion correction methods, we refer to Ramalho et al. [43] .
First of all, we assess how the substrate affects the electronic properties of pristine graphene, as a reference for the doping of supported graphene. We plot in Fig. 3 the atom-projected band structure of pristine and supported graphene. All of these calculations are performed in 2 × 2 supercells, whose Brillouin zone (BZ) is folded with respect to the corresponding one of the primitive graphene cell. For clarity, a scheme relating the sizes and high-symmetry points in the BZs of the primitive and 2 × 2 supercells is included in Fig. 3(a) .
In Fig. 3(b) , the Dirac point of the pristine graphene is clearly visible at the Fermi level, as expected, with a linear dispersion. When supported by the bare Ni(111) surface [ Fig. 3(c) ], the strong interaction between graphene π bands and the metal d bands destroys the Dirac cone and opens a gap of ≈400 meV around the Fermi level. Chemisorption on the metal surface, predicted by DFT-D, leads to a minimum C-Ni distance of 2.11Å. This is consistent with the experimental reports as well as previous theoretical reports [44] [45] [46] .
The intercalation of 3/4 ML of Au between the graphene and the Ni(111) surface weakens the graphene-support interaction and decouples the Ni(d) and C(p) electron states. The weaker interaction results from the charge transfer between Au and Ni that saturates the Ni d bands and shifts them to lower energies. In the 3/4 ML Au/Ni(111) system, it is the Au d band that mainly falls at the Fermi level. As a result, the graphene states are weakly perturbed and the overall shape of the Dirac cone is recovered [ Fig. 3(d) ]. The Dirac point is shifted to nearly 0.35 eV below the Fermi level and a very small band gap of ≈20 meV is present. The calculated equilibrium distance between graphene and the Au ML is 3.11Å, a typical physisorption situation where the interaction is rather weak. This value is very close to the previous reports of 3.27 [47] and 3.31Å [48] based on DFT studies. Quite interestingly, the precise position of the Dirac point and the band-gap opening turns out to be very sensitive to the graphene-support separation. In our calculation, inclusion of dispersion terms into the Kohn-Sham Hamiltonian with the DFT-D approximation leads to a slight overestimation of the Au-graphene binding, resulting in a negative doping in the graphene plane and a resulting downward shift (−0.35 eV) in the Dirac cone with respect to the Fermi level, as seen in Fig 3(d) . This negative doping is, however, consistent with the previous reports on Au-graphene interfaces for such distance [48, 49] .
To show the variation of doping polarity with respect to the height, we artificially increased the separation between Au and graphene planes to 3.42 and 3.88Å and plotted the band structure in Figs. 3(e) and 3(f). In Fig. 3(e) , the doping is close to zero and, in Fig. 3(f) , the doping polarity is already reversed. For a better description of the charge transfer, in Fig. 4 we plot the charge-density difference induced in the graphene/Au/Ni system when the graphene plane is adsorbed onto the Au/Ni substrate. Figures 4(a) and 4(b) show an accumulation of charge (red) at the graphene plane, while Fig. 4(c) shows only depletion (blue), indicating negative and positive doping, respectively.
However, as we shall see later, the effect of negative doping of the graphene due to the proximity of Au atoms is considerably smaller than the effect introduced by doping with alkali adatoms.
C. Energetics and structure of alkali-doped supported graphene
The calculated binding energies of the alkali atoms to graphene supported by the Au/Ni(111) substrate are reported in Table II. As shown in Table II ring and show similar energetics as in the pristine case (cf . Table I .) Here, we have considered two configurations: (i) adsorbed on top of the graphene plane (denoted as A hereafter) and (ii) intercalated between the graphene plane and the Au/Ni(111) substrate (denoted as I). Among all the studied configurations, Li displays the largest binding energy for both I and A configurations, while Na and K display the lowest binding energy for the A and I configurations, respectively. With respect to adsorption on the freestanding graphene, the substrate increases the binding energy on supported graphene (configuration A) by ≈0.2 eV. This effect is common to all the alkali atoms (see Tables II and I ).
All alkali atoms display an energetic preference to intercalate at the graphene/substrate interface: The adsorption energy in configuration I is considerably lower in energy than in A. The energy difference between these two configurations ranges from −1.12 to −0.62 eV for Li and K, respectively. In order to explain this thermodynamic preference for alkaliatom intercalation, we have calculated the binding energy of the alkali atoms to a Au(111) surface having its calculated equilibrium lattice parameter of 4.17Å. A single adatom is adsorbed onto the 2 × 2 supercell and the system was relaxed by fixing the bottom two layers to their bulk position. The calculated adsorption energies of Li, Na, K, and Rb are −2.58, −2.38, −2.54, and −2.74 eV, respectively. These values are of the same order of those obtained for the alkali atoms intercalated at the graphene/Au interface that range from −1.96 to −2.76 eV. We therefore conclude that the large driving force for alkali-atom intercalation is governed by the high affinity of Au relative to alkali atoms, which leads to the formation of strongly bound ions at the metal substrate. This conclusion on the ionic state of the dopant will be fully supported by the following analysis of the electronic structure. We note that experimentally K has been shown to intercalate at the graphene/Au/Ni(111) interface, while Li, Na, and Rb were reported to adsorb on the graphene surface [27] . More recent measurements suggest that the position of the alkali atoms depends on the temperature of the annealing so that the diffusion of the adsorbate from the external surface (configuration A) to the intercalated configuration I can ultimately be controlled by kinetic effects [50] . On the basis of previous reports, we can say that even for the smallest atom of the series, i.e., Li, a diffusion path through the hexagonal ring has a very high barrier (8 eV for LiC 6 [51] ). This suggests that intercalation proceeds at the graphene edges or at grain boundaries. Indeed, a recent paper on the intercalation of alkali atoms in graphite shows an activation energy for the in-plane diffusion of the K atom as low as 0.14 eV for KC 8 [52] .
The intercalation of alkali atoms leads to a large increase of the graphene/substrate distance that decouples graphene from the substrate. This will clearly destroy any moirè pattern present due to the lattice mismatch. With respect to the adsorbed configuration A, the graphene-substrate distance in the intercalated configuration I monotonically increases by 0.77Å for Li to 2.56Å for Rb (h C−Au , Table III) . A similar trend, which correlates with the ionic size, is also displayed in the distance between the alkali atom X and the Au ML (h X−Au ). The formation of a strong X-Au bond pulls out gold atoms from the substrate, thus inducing a rumpling in the Au ML ( z Au ) and deviations from the ideal elevation of the Au ML from the Ni(111) surface (h Au−Ni ). Quite differently, the structure of the substrate is weakly affected when the alkali atom adsorbs on the graphene surface (h C−Au , h Au−Ni , and Z Au ). 
D. Electronic structure of alkali-doped supported graphene
The effects on the electronic structure induced by alkali doping are displayed and analyzed in Fig. 5 , which shows the calculated atom-projected band structure. The black lines correspond to the electronic states with contributions solely from C atoms. They therefore represent the states with a high spatial localization on the graphene layer. It is evident that the overall shape of the graphene band structure is preserved by the functionalization with all of the alkali dopants considered here, independently of the adsorbed or intercalated state. The main effect of the doping is a quasirigid shift of the graphene bands to lower energies. We quantify this shift in Table IV , which reports the energy difference between the Dirac point (E DP ) and the Fermi level (E F ) for the freestanding and supported cases (A and I configurations). Adsorption on supported graphene (configuration A) does not significantly perturb the position of the Dirac cone with respect to adsorption on freestanding graphene. The shifts E free and E A supp for Na, K, and Rb agree within 50 meV with respect to the pristine case ranging between −1.01 and −1.07 eV, while Li adsorption yields larger shifts, both in the freestanding (−1.48 eV) and supported (−1.32 eV) cases. However, the deviation from the pristine case is only 160 meV. This close agreement between the adsorption of alkali atoms on pristine graphene as well as the adsorption on the supported case clearly indicates that the graphene layer is mostly doped by the electrons from the alkali, and the Au atom has little effect on the doping. This can be directly attributed to a much closer separation of the alkali adatom compared to the Au monolayer with respect to the graphene plane. This is further verified by analyzing the band structure (K-doped system) by artificially increasing the Au graphene separation to 3.42Å, corresponding to nearly zero doping as shown in Fig. 3 , and by keeping the graphene-alkali distance the same. The band structure did not show any change in the shift of the Dirac cone. However, we note that upon adsorption of all alkali atoms on supported graphene, a small gap (≈50 meV; see E g in Table IV ) opens around the graphene Dirac cone at the Fermi level. This gap can easily be assigned to a slight A-B sublattice symmetry breaking in the graphene plane due to the asymmetry in the underlying Au monolayer as in the supported case. On the other hand, the intercalation of the alkali atoms yields a smaller shift of the graphene Dirac cone, ranging from −0.90 to −1.08 eV. In this case, the alkali adatom transfers charge both to the graphene and the substrate, slightly reducing the negative doping in the graphene plane. The energy shifts of the Dirac cone presented above are obviously correlated to the charge transfer between the alkali adatom and the graphene/substrate. It turns out that this charge transfer is strongly dependent on the actual position of the dopant atoms: The A and I configurations lead to very different charge states of the alkali atom, but to remarkably similar charge states of the graphene sheet (i.e., similar electron doping). To understand this result, we analyze the band structure projected on the alkali atoms (see color lines in Fig. 5 ).
When these dopants are adsorbed on the graphene surface (top panels), the resulting 2 × 2 overlayer has a clear metallic character, with the Fermi level crossing the band formed by the s states of the alkali atoms. This is similar to adsorption on freestanding graphene (see Fig. 2 ). Also, in this supported case A, there is a partial charge transfer from the adatom to graphene that shifts the energy of the Dirac cone to lower energies. Quite importantly, this charge redistribution involves primarily the adatom and the graphene, while the substrate does not participate (see charge-density difference in Fig. 6 , top panels).
When the dopants are intercalated between graphene and the metal substrate (bottom panels in Fig. 5 ), the bands formed by the s states of the alkali atoms are unoccupied, as their energies are more than 2 eV above the Fermi level. In the intercalated configuration, the dopants are therefore fully ionized. Differently from the A case, the charge donated by the dopants is in the intercalated case accepted by both the graphene and the support. The analysis of the charge-density difference (Fig. 6 , bottom panels) clearly shows the consistent charge buildup between the alkali dopant and the underlying Au atom, thus supporting the formation of the strong X-Au bond discussed in Sec. III C. The comparison of the chargedensity differences calculated for the A and I configurations (top and bottom panels in Fig. 6 ; same isovalue in all panels) clearly demonstrates that the amount of charge accepted by the graphene sheet is comparable in the adsorbed and intercalated cases. Recently, Fedorov et al. [27] reported the shift in the Dirac cone when the alkali atom is adsorbed/intercalated in the Au/Ni(111) supported graphene. They report a shift of 1.17 for K (I) and 1.52, 1.22, 1.35 eV, respectively, for Li, Na, and Rb (A). Our values are in excellent agreement with these measurements, with a maximum deviation of 0.3 eV. The deviation can be attributed to the coverage and temperature effects.
The Bader charge analysis is consistent with this conclusion. Table V reports intercalated configurations of the alkali atoms or to infer their charge state. The commensurate cell used in the present study represents a good reference for the maximum limit of alkali coverage. Any relaxation of the periodicity of the alkali-atom overlayer or island formation would thus reduce the coverage. As a direct consequence, the intensity of the doping will fall and therefore the downshift in the Dirac cone due to charge transfer will be lessened.
IV. CONCLUSIONS
Doping with alkali atoms is a viable strategy to engineer the electronic properties of graphene. We have presented here a systematic computational study of the changes in the atomistic and electronic structures due to adsorption of alkali atoms (Li, Na, K, Rb) to metal-supported graphene. The Au/Ni(111) substrate is taken as a case study because it replicates the electronic properties of freestanding graphene and because of the available experimental data. Our DFT calculations demonstrate that the alkali atoms of our set can chemisorb either on an exposed surface of the supported graphene or intercalated at the graphene/metal interface. The atomistic and electronic band structures show that adsorption with a 2 × 2 surface periodicity leads to a metallic overlayer, while intercalation leads to ionization of the alkali dopants. The metallic character plays an important role in the cohesion of the alkali overlayer.
The computed energetics shows that the intercalated configuration is the most stable for all of the dopants. We explain the origins of this preferential segregation with the high affinity of Au relative to the alkali atoms. Alkali intercalation leads to the decoupling of graphene from the metal support. Both surface adsorption and interface intercalation lead to a quasirigid shift of the graphene bands towards lower energies. The shift for supported graphene is always smaller than the corresponding shift for the freestanding graphene. Adsorption leads to a slightly larger shift compared to intercalation: apart from Li, the energy shift of the two configurations is smaller than 160 meV. These data may be useful for interpreting photoemission spectra sampling the valence band. More generally, the present systematic analysis provide useful principles for guiding graphene band structure engineering via alkali-atom doping.
